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I. TECHNICAL SUMMARY

Crack propagation through an insulating material or at an interface

produces regions of high electronic and chemical activity on the

freshly-created surfaces. This activity causes the emission of particles, i.e.

electrons, ions, and neutral species, as well as photons, from the surfaces

both during and after crack propagation. This emission is called

fracto-emission (FE), and in many ways serves as a probe of the electronic and

chemical activity of the fracture surfaces. The work described in this report

represents the results of our third year's research, Our primary goals have

been to characterize FE from polymers, to further our understandings of the FE

mechanisms, and to examine the dependence of FE on the nature of the fracture

event and material properties. In Sections III - VII of this report we present

recently written papers on the role of charge separation in producing charged

particle emission both during and after fracture, the effect of cross-linking

on FE, FE from the fracture of a molecular crystal (sucrose), FE from RDX, and

a review paper on FE from filled and unfilled elastomers.

In addition, in Section VIII we present briefly the results of some of our

work in progress, which includes:

1. Studies of the neutral emission and charged particle emission from a

copolymer of 3,3-bis (azidomethyl) oxetane (BAMO) and tetrahydrofuran

(THF),

2. Recent measurements of FE from inert inorganic single crystals, for

the purpose of modeling hot spot mechanisms in explosive crystals (in
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collaboration with K. C. Yoo, University of Maryland),

3. Recent measurements of FE from filled and unfilled polyurethane (in

collaboration with Gene Martin, NWC),

4. Further investigation of FE from interfacial failure between

polybutadiene and glass.
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II. INTRODUCTION

Fracto-emission (FE) is the emission of particles (e.g. electrons (EE),

positive ions (PIE), ground state neutrals (NE), excited state neutrals (NE'),

and photons (phE)) during and following fracture. In Sections III - VII of

this report we present recent studies of the characteristics of FE, FE

mechanisms, and the dependence of FE on material and fracture parameters.

These studies deal with fracture of filled and unfilled elastomers, crystalline

materials - both organic and inorganic, and interfacial failure between

polymers and both dielectrics and metals. Some of our recent results are

summarized below:

Section III: FRACTO-EMISSION: THE ROLE OF CHARGE SEPARATION

(Submitted to J. Vac. Sci. Technol.)

Studies of EE and PIE mechanisms have been pursued, and in the

systems where strong charge separation occurs we have found a mechanism

that explains the intense, long-lasting emission. This model is

consistent with a number of other characteristics of FE previously

observed. The measurements supporting this model are presented, involving

the simultaneous measurements of EE, RE (radiowave emission), and phE

(photon emission) versus time for the fracture in vacuum of BR filled with

glass beads. These results show that during fracture there are radio

waves and accompanying visible photons due to an electrical discharge

caused by the strong charge separation and the desorption of volatiles
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and/or fracture fragments into the crack tip. This discharge only occurs

during crack growth and ceases as soon as the surfaces separate. Thus the

RE and the phE rise and fall during and immediately following fracture.

The EE rises with these emissions but then decays with a long tail.

Because such emission is most evident where charge separation is strong

and a discharge is more likely to occur, we hypothesize that during the

discharge the fracture surfaces are bombarded by electrons and ions with

relatively high energies. It is this bombardment which is the key

stimulus for the EE and PIE which follows fracture.

Section IV: THE EFFECT OF CROSS-LINKING ON FRACTO-EMISSION FROM

ELASTOMERS

(Submitted to J. Mater. Sci.)

We have measured the EE and PIE from the fracture of samples of

unfilled polybutadiene (BR) (samples provided by Alan Gent, University of

Akron) where the cross-link density was varied by changing the

concentration of the cross-link agent (dicumyl peroxide). We have plotted

the peak and total intensities of EE and PIE as a function of 1/Mc,

where M is the number average molecular weight between cross-links inc

BR. For increased cross-linking, we see an increase in emission. The

increase in strength of the material is ultimately leading to more

"damage" to the polymer surface.

Section V: ELECTRON AND POSITIVE ION EMISSION ACCOMPANYING FRACTURE OF

WINT-O-GREEN LIFESAVERS AND SINGLE-CRYSTAL SUCROSE

(Submitted to J. Phys. Chem.)

We have examined the FE from sucrose and Wint-o-green Lifesavers to
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compare fracture of a molecular crystal with the other types of materials

studied. These particular materials are known to produce intense

triboluminescence in air, and we were curious to see whether they emitted

charged particles as well when fractured in a vacuum. The preparation and

initial FE studies of single-crystal sucrose and Lifesavers was an

undergraduate project carried out by L. B. Brix.

Section VI: FRACTO-EMISSION FROM RDX SINGLE CRYSTALS

(Rough draft. Final manuscript will be submitted to J. Appl. Phys.)

FE from the fracture of explosive crystals has been examined. We

were able to observe charged particle emission from the fracture of RDX, a

molecular crystal where little covalent bond breaking should occur. The

important observation is that such organic molecular crystals do indeed

emit charged particles. Furthermore, in RDX we are seeing a correlation

between emission intensity and the particular crystal planes undergoing

fracture. This could be due to different degrees of surface charging, as

previously mentioned.

Section VII: FRACTO-EMISSION FROM FILLED AND UNFILLED ELASTOMERS:

REVIEW PAPER

(To appear in Rubber Chemistry and Technology)

A review of FE from filled and unfilled elastomers, written for the

ACS Symposium on Frontiers of Rubber Science (Toronto, 1983), is included.

Our work in progress, summarized in section VIII of this report, includes

the following:



-6-

1. An examination of FE from unfilled BAMO/ThF, concentrating on the

EE and neutral molecule emission (HE). The unfilled BAMO/THF emits

electrons but this emission has a strong strain-rate dependence (more

emission at a higher strain rate). The changes in total pressure and mass

28 peaks accompanying fracture of notched samples of BAMO/THF have been

examined at two different elongation rates. We observe a substantial

increase in both the total pressure and the N2 released during

fracture. Our tentative conclusion is that the NE observed is in part a

consequence of fracture-induced decomposition.

2. We have fractured a number of inorganic crystals such as LiF,

MgO, and MgF2 to first show that they emit. We have begun a study of

the dependence of FE intensities on crystallographic orientation and have

seen some interesting, reproducible differences.

3. We have fractured a few pieces of filled and unfilled

polyurethane, and also looked at interfacial failure between this

elastomer and inorganic surfaces. The latter leads to very intense EE and

PIE.

4. Interfacial failure is believed to be the cause of the intense

emission observed in the fracture of filled elastomers. A number of

supporting experiments have shown that the likely cause of this increase

is the interfacial failure be 'eJn t polymer and the glass surface. We

have recently performed p61 teOUs with macroscopic surfaces of BR

(samples provided by Alan Gent, University of Akron) and soda lime plate

glass. The strong, long-lasting emission observed from such "fracture"

4t _
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supports the hypothesis that interfacial failure is responsible for

intense emission in the filled materials.
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III. FRACTO-EMISSION: THE ROLE OF CHARGE SEPARATION

J. T. Dickinson, L. C. Jensen, and A. Jahan-Latibari
Department of Physics

Washington State University
Pullman, WA. 99164-2814

ABSTRACT

Fracto-emission is the emission of particles (e.g. electrons, ions, ground
state and excited neutrals, and photons) during and following fracture. We
have found that during fracture of adhesive bonds and crystalline materials
involving large amounts of charge separation on the surface, the emission of
charged particles, excited neutrals, light, and radio waves occurs with unique
and revealing time dependencies. In this paper we report simultaneous
fracto-emission measurements on several systems. We interpret the results in
terms of a conceptual model involving the following steps: (1) charge
separation due to fracture, (2) desorption of gases from the material into the
crack tip, (3) a gas discharge in the crack, (4) energetic bombardment of the
freshly-created crack walls, and (5) thermally stimulated electron emission,
accompanied by electron stimulated desorption of ions and excited neutrals. In
addition to evidence from fracture experiments, we present results from studies
of electron bombardment of a polymer surface.

t
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I. INTRODUCTION

Fracto-emission (FE) is the emission of particles (e.g. electrons, ions,

ground state and excited neutrals, and photons) during and following fracture

of materials. In past work we have observed intense, long-lasting emission of

electrons (EE) and positive ions (PIE) fr:om systems where high densities of

surface charge develop on the fracture surface (see references contained in

reference 1). Such systems include: 1) adhesive failure (e.g. peeling of

pressure-sensitive adhesives from inorganic substrates, fracture of

particulate-filled elastomers, fracture of fiber-reinforced epoxies), 2)

fracture of piezoelectric materials such as crystalline Si0 2, sucrose, and

polycrystalline PZT, and 3) a number of non-piezoelectric materials which still

show intense charge separation, such as LiF, MgO, A120 3, and mica.

In examining the various components of FE from these materials we found it

useful to measure simultaneously two or more types of emission on various time

scales, to provide further understanding of the emission mechanisms. Some of

this work has been previously described for EE and PIE from polybutadiene

filled with glass beads. The results previously obtained can be summarized as

follows:

1. EE and PIE rise rapidly together during crack propagation, and

decay immediately after separation of the fracture surfaces with identical

kinetics (2-4).

2. On a submicrosecond time scale, a substantial fraction of the PIE
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is in coincidence with the EE (3-5). This suggests that at least some of

the electrons emitted are either created simultaneously with positive

ions, or more likely, creation of the positive ions is accompanied by

inelastically scattered electrons and/or Auger electrons from an ESD-like

process (7).

3. There are neutral species emitted from materials undergoing

fracture (6). These can be attributed to the release of absorbed species

and/or fracture fragments (decomposition).

4. There are also excited neutrals emitted which are correlated in

time with the EE (4). We have attributed these metastable molecules to

ions neutralized in the process of leaving the surface.

In this paper we would like to report recent results involving

simultaneous measurement of EE, photons (phE), and radio waves (RE)

accompanying the fracture in vacuum of various materials where strong charge

separation occurs. Also, measurements of EE and PIE induced by electron

bombardment are presented for one material, polybutadiene. Finally a

conceptual model is presented that ties together these new observations and

those summarized above.

II. EXPERIMENTAL

The measurements described here were performed on materials fractured in a

vacuum of 1 x 10- 5 Pa. Samples were fractured either in tension or in

three point flexure. The alumina-filled epoxy consisted of one part by weight

EPON 828 (Z-hardener) epoxy to three parts of irregularly-shaped alumina

particles with an average diameter of 10 pm. The 2mm X 17nm X 45mm samples

4
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were notched with a sharp saw and fractured in tension in front of the

detectors. The polybutadiene (BR) consisted of Diene 35NFA (Firestone Tire and

Rubber Co.) crosslinked with 0.051 (by weight) dicumyl peroxide by heating for

2 hours at 150 eC. Some BR samples contained 30-95 pm glass beads (34% by

volume). Samples were 2mm X 5mm X 20mm, and were notched slightly in the

middle as before. The sucrose crystals were grown by allowing a saturated

solution of sugar in water to evaporate for three weeks. These crystals were

broken by applying a force perpendicular to the piezoelectric axis. Sucrose

and quartz crystals were fractured in flexure. BR for electron bombardment

studies consisted of Diene 35NFA dissolved in benzene and allowed to evaporate

on a supporting Cu sheet. This resulted in a 0.8 mm thick BR film covering the

Cu sheets. The 310 2 crystals were x-cut disks, 6.5 mm in diameter by 1.2

mm thick, the disk face being the ( ,1,1,0) plane. The fracture surfaces

tended to be perpendicular to the disk face.

The electrons were detected with a channeltron electron multiplier

(background noise counts ranged from 1 to 10 counts per second). A Bendix

BX754A Photon Counter Tube with an S-20 photosensitive surface and background

count rate of 10-20 counts per second was used to detect visible photons. The

two detectors were generally placed within 1 cm or less from the region where

the crack would propagate. Both detectors yielded 10 ns pulses which could be

treated with standard pulse counting techniques and stored in a multi-channel

analyzer (MCA).

In addition to EE and phE, we detected the emission of radio frequency

electromagnetic waves (RE) accompanying fracture in vacuum. RE has been

detected previously by Derjaguin, et al. (8) during the separation of polymer

films from dielectric surfaces at pressures considerably higher (10
3

-
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10 Pa) than ours (10- Pa). The RE was detected using two different

pickup coils: a 2.5 mH RF choke coil and a 20000 turn solenoid of No. 30 magnet

wire. Either coil was connected to the input of a wide-band differential

amplifier with high common mode rejection to minimize pick-up noise, and

further amplified by a second amplifier. The response of each coil to a

fracture event was a ringing signal with approximate frequencies and duration

as follows:

2.5mH choke coil 600 khz 20 ps

20000 turn solenoid 8 khz 1 ms

The solenoid was 5 times more sensitive but because of the higher

inductance and thus longer ringing it could only be used to determine the onset

of detectable RE or the actual occurrence of RE emission, with approximate

values of RE duration. The choke coil allowed more accurate time correlations

but with reduced sensitivity.

Two methods of recording RE were used: the choke coil signals were fed

into a discriminator, so that rings above a threshold produced pulses which

were then counted with an MCA, thereby detecting the presence of bursts of RE

as a function of time. The second method, used for the solenoid, consisted of

digitizing the coil output with a wave-form digitizer. The rise of the RE

ringing signal could then be correlated in time with other FE by the use of

synchronized start pulses. Thus within one channel width on the MCA all three

FE components could be compared. Previous experiments (2) correlating FE to

video recording of crack growth indicated that EE intensity rises rapidly

during crack propagation and 'alls upon separation of the fracture surfaces.

4



-13-

Although it has not been proven conclusively for rapid crack growth, we have

assumed that the most intense EE is occurring during crack propagation.

III. RESULTS

The first set of data, shown in Fig. 1, is from the fracture of

alumina-filled epoxy. The time scale chosen was in an intermediate range to

assure aquisition of all three signals and still provide reasonably good time

correlation information. In a separate experiment measuring crack motion in

this material with a rotating framing camera, the duration of crack growth was

found to be about 20 ps. The data in Fig. 1 was taken at 40 ms per channel and

the count rate is plotted on a log scale vs. time. The EE burst occurring

during fracture, seen in Fig. I as the point where the EE count rate is a

maximum, is accompanied by a burst of RE as well as phE. The phE may show a

weakly-defined tail; the RE drops off immediately after fracture. The results

shown here were reproducible for 10 consecutive samples and show that in a

vacuum there is an electrical breakdown occuring during fracture of this filled

polymer.

Figs. 2-4 show similar results for polybutadiene (BR) filled with glass

beads, single-crystal sucrose, and single-crystal quartz. All show the burst

of RE and phE accompanying fracture. The BR and SiO 2 show clear evidence

of tails following fracture, which may to a first approximation follow the

electron decay in form. Note that for the filled BR we were able to follow phE

and EE rising together, due to the much slower crack velocity. Also note that

the drop in phE after the peak is for all of these material far more than a

simple proportionality relative to the drop in EE; i.e., the phE during

4
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fracture is much more intense than a phE mechanism that remains parallel to an

EE mechanism would predict.

As a further test of the occurrence of a discharge during fracture,

simultaneous PIE and RE measurements were taken for the fracture of the filled

BR using the more sensitive solenoid coil (PIE was measured rather than EE

because on faster time scales EE showed evidence of saturating the electron

multiplier.). Of primary interest here was the onset of RE relative to the

growth of PIE which we know rises with EE during fracture. The time of

fracture has been reduced (by increasing the strain rate by approximately a

factor of twenty) in order to increase the amplitude of the RE during fracture.

The digitized waveform of the RE signal was squared, averaged, and the

background subtracted to yield the average power in the ringing RE signal.

This result is shown with the corresponding PIE count rate for the filled BR in

Fig. 5, where great care has been taken to alidn the curves correctly in time.

The RE is seen to break out of the background noise in the regions of most

intense electron emission. The arrows indicate bursts of PIE and RE that are

correlated in time. Also, the regions where the PIE is most intense correspond

to regions where the RE is highest, where it has been shown (8) that the crack

velocity is the highest. Thus, it appears that the RE intensity is velocity

dependent also. The primary result here is that we can see RE during a

considerable portion of the period in which we observe PIE.

In anticipation of a component of EE possibly produced by bombardment of

the fracture surface by charged particles created in a discharge, we performed

two experiments on a thick film of BR. At room temperature, the BR was

bombarded with with 2 keV electrons at nanoampere currents for 5 minutes. As

soon as the electron beam was turned off, a nearby channeltron biased to detect

I
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electrons was turned on. Fig. 6a shows the resulting EE, with a long-lasting

decay which is very similar to that of EE induced by fracture. This effect has

been extensively studied on crystalline inorganic materials, such as oxides and

alkali halides and is known as thermally stimulated electron emission

(TSEE)(9). Here we see (to our knowledge for the first time) the same

phenomenon, TSEE, at room temperature from a polymer.

Because of our extensive studies of fracture-induced PIE from this

material (3,4), we also examined the emission of ions both during and after

electron bombardment. For an energy of 2 keV and a current of 5 nanoamperes

we see in Fig. 6b the PIE emitted during botabardment, which decays away as soon

as the bombardment stops. The ions are not following a parallel mechanism to

the EE but are following an ESD mechanism only. Thus we propose that the PIE

observed during fracture is due to a portion of the EE which never completely

escapes the sample but rather collides with the surface (probably at positive

charge patches) and induces ESD of positive ions.

IV. CONCEPTUAL MODEL

At least in the cases illustrated here where significant charge separation

occurs during fracture, we feel that the gaseous discharge that we detected

using RE and phE is playing a very important role in the production of EE and

PIE. In fact, variations in discharge intensity may explain the large

variation in intensities observed for a wide range of materials, crack

velocities, and other factors. The basic ideas we are proposing are:

1. The fracture event yields charge separation (usually patchy)

producing an electric field, E, in the crack.

4
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2. Desorption of volatiles and/or fracture products raises the

pressure, P, in the crack tip.

3. A gas discharge (dictated by P, E, and a distance d which

characterizes the crack width) occurs, producing the RE and phE. Electron

and ion bombardment of the crack walls occurs during this discharge.

4. Bombardment of the fracture surfaces creates primary excitations,

usually explained in inorganic crystals in terms of electron-hole

production raising electrons into traps near the conduction band, which

then undergo thermally stimulated migration until recombination with a

hole occurs. This recombination can yield an emitted electron (thermally

stimulated electron emission (TSEE)), say by an Auger process, or a photon

(thermal luminescence, (TL) (12)).

5. A portion of the electron emission strikes adjacent patches of

positive charge yielding PIE via an ESD mechanism. Some of these positive

ions are neutralized as they leave the surface yielding the excited

neutral component of FE that we have observed.

Consistent with this model are the observations that qualitatively, when

charge separation is intense, so are EE and PIE. Secondly, the RE and phE peak

intensities (i.e., during fracture) appear to be closely following the same

trends. 'Third, in materials where charge separation is intense but the RE is

weak, the EE and PIE tend to be small (e.g. an alkali halide). Fourth, the

very close tie between EE and PIE count rates following fracture supports the

ESD mechanism. Furthermore, the PIE kinetic energies we observe are often in

the hundreds of eV (10,11) suggesting that the PIE originates from positive

charge patches. Fifth, coincidence experiments showed that there was a finite

probability of detecting an electron in close coincidence with an *emitted
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positive ion. This electron could be an inelastically scattered electron

(creating the ESD excitation) or an accompanying Auger electron expected in the

ESD process involving creation of a core hole. Sixth, in the case of sucrose

and SiO there is an observable phE decay that follows the EE decay after
2

separation of the fracture surfaces, indicating a parallel de-excitation

mechanism, similar to what is observed in TSEE and TL. Finally, the strong

increase in EE with crack vel-city observed in filled BR would be expected

because: a) the surface charge densities may be higher due to the reduced

reneutralization through conduction paths, and b) increased gas desorption into

the crack tip occurs due to an expected increase in crack tip temperature with

crack velocity.

V. CONCLUSIONS

These initial results and this conceptual model allow us to make a number

of predictions concerning the dependence of fracture-induced EE on material

properties, temperature, and crack velocity. Also, quantitative models

relating various FE intensities to measurement of surface charge (measured in

vacuum), surface conductivity, and separate TSEE, TSL, and ESD should be

possible. We are currently pursuing these and a number of other features of

fracture-induced particle emission.
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FIGURE CAPTIONS

Fi&. 1: Simultaneous emission of electrons, photons, and radio waves from the
fracture of alumina-filled epoxy.

Fig. 2: Simultaneous emission of electrons, photons, and radio waves from the
fracture of polybutadiene filled with small glass beads.

Fig. 3: EE, phE, and RE from the fracture of single-crystal sucrose.

Fig. 4: EE, phE, and RE from the fracture of SiO 2.

Fig. 5: PIE and RE during fracture of filled BR. Note the fast time scale.

Fig. 6: Consequences of electron bombardment on BR: a) EE following
bombardment, and b) PIE during bombardment.



-21-

FE FROM A1,0 3 FILLED EPOXY

4K

EE

0 5 10 15
TIME (S)

20

-phE

I.- -

I , p

0 5 I0 15
TIME (S)

200

RE

.

t-z

0- 5 10 Is
TIME (S)

4 r, /



-22-

FE FROM BR FILLED WITH GLASS BEADS

18K

I'

0
d ~..EE

I =,I

O O0 200 300
TIME (S)

6K

0
phE

w

35 1. A " ; :" ,

0 100 200 300
TIME (S)

300

RE

0 o 200 300
TIME (8)



-23-

FE FROM SINGLE-CEYSTAL SUCROSE

14K

* EE

I-j

o 50 100
TIME (S)

2K

0
phE

wI--

I--
z
0

8080 ,__ ._____"_"_,_,__"___ "__ •_"__

0 50 10O
TIME (S)

300

RE
w

I--

I p J

0 50 1o0
TIME (S)



-24-

FE FROM SINGLE-CRYSTAL QUARTZ

7K

0
%.0 EE

0 5 10 15
TIME (S)

5K

.phE

I-z,

.cr.

".':"._..

0 5 10 15
TIME (S)

5K

RE

IC .
0 5 10 15

TIME (S)

4



-25-

FE DURING FRACTURE OF
BR FILLED WITH GLASS BEADS

6 PIE

x0S• .

0 0

''s

p. .
F- p .: age
z 0 

0 % :.o"
0 

0 0 0

00', TIME (ms).

--.15-

Z •. 0

10 RE•

z 5•

w o a &, . i a ..- 01

0 2 4 6 8 10 12 14 16 18

TIME (ms)

Coo-

,I5



-26.-

EFFECT OF ELECTRON BOMBARDMENT OF
POLYBUTADIENE

ELECTRONS FROM BR AFTER BOMBARDMENT

2K 2000 eV

6 x 16-0Amps

-~ 5 Min.

IL 
-.. . .

0 O0 200 300
TIME (S)

ESO OF POSITIVE IONS FROM BR
DURING BOMBARDMENT

.- GUN OFF
124K

2000 .V
I-. -95 x 10-9Amps

~2 MIN.

I ________________ .______________

0 50 100 150
TIME (8)

4



-27-

IV. THE EFFECT OF CROSS-LINKING ON FRACTO-EMISSION FROM ELASTOMERS

J. T. Dickinson, L. C. Jensen, and A. Jahan-Latibari

Department of Physics
Washington State University

Pullman, WA 99164-2814

ABSTRACT

During the fracture of elastomers in vacuum, one frequently observes the
emission of particles such as electrons, ions, neutral molecules, and photons,
which we call Fracto-Emission. We report here measurements of electron
emission and positive ion emission accompanying and following the fracture of
polybutadiene (BR) and a styrene-butadiene co-polymer (SBR), where the degree
of cross-linking has been altered either by varying the concentration of the
cross-linking agent or by exposure of the material to UV or Y-ray radiation.
Our results show that over the range of cross-link densities studied, both
electron and positive ion emission increase with increasing cross-link density.

4
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I. INTRODUCTION

Crack propagation through an insulating material or at an interface

produces regions of high electronic and chemical activity on the

freshly-created surfaces. This activity causes the emission of particles, i.e.

electrons, ions, and neutral species, as well as photons, from the surfaces

both during and after crack propagation; we call this emission fracto-emission

(FE) (Photon emission during deformation and/or crack propagation is often

called triboluminescence). The work presented in this paper will focus on

electron emission (EE) and positive ion emission (PIE) induced by the fracture

of elastomers in a vacuum.

Although a considerable portion of our work has concentrated on the

fracture of filled elastomers (1-7), where interfacial failure yields extremely

high emission rates, we have also investigated a number of unfilled materials.

A summary of electron emission (EE) and positive ion emission (PIE) data, as

presented in Table I, shows that these elastomers produce EE and PIE with a

wide range of intensities and durations (decay times) of the emission following

fracture. None of the unfilled materials show intensities that match the

filled materials. The intense emission accompanying interfacial failure has

been attributed (8) to the strong separation of charge that occurs due to

contact charging between dissimilar materials.

In unfilled systems we suspect that the same mechanism could be

responsible, but with weaker degrees of charge separation and reduced

discharge, and thus less EE and PIE. However, the role of mechanical

deformation and the scission of bonds in a unfilled polymer which would produce
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this charge separation is not clearly understood.

The conceptual model we have presented (8) for the fracture-induced

particle emission in cases where strong charge separation occurs can be

summarized as follows:

1. The fracture event yields charge separation (usually patchy)

producing an electric field, E, in the crack.

2. Desorption of volatiles and/or fracture products raises the

pressure, P, in the crack tip.

3. A gas discharge (dictated by P, E, and a distance d which

characterizes the crack width) occurs, producing radio wave emission (RE)

and phE. Electron and ion bombardment of the crack walls occurs during

this discharge.

4. Bombardment of the fracture surfaces creates exo-emission, usually

understood in inorganic crystals in terms of electron-hole production

raising electrons into traps near the conduction band, which then undergo

thermally stimulated migration until recombination with a hole occurs.

This recombination can yield an emitted electron (thermally stimulated •

electrom emission (TSEE) (9,10)), say by an Auger process (10), or a

photon (thermoluminescence (TL) (9)).

5. A portion of the electron emission strikes adjacent patches of

positive charge yielding PIE via an electron stimulated desorption (ESD)

mechanism (12). Some of these positive ions are neutralized as they leave

the surface, yielding the excited neutral component of FE that we have

observed.

4
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For crystalline materials that are known to be piezoelectric, e.g.

Si0 2, PZT, and sucrose we were not surprised to detect the simultaneous

emission of electrons (EE), photons (phE), and radiowaves (RE) during fracture

- clear evidence for the occurrence of a gaseous discharge in the crack tip

during fracture. We were also able to induce the EE by pre-bombardment with

energetic electrons in unfilled, unfractured BR. This and other evidence

supports the above model for materials exhibiting strong charge separation

during fracture.

Unfilled elastomers could produce separated charges, most likely patchy,

during fracture and yield the same effects at lower intensities due to weaker

discharges occuring in the crack tip. For patches of both signs and of small

dimensions, post-fracture probing of surface charge may yield nearly neutral

results, making the charge separation difficult to detect. Nonetheless, we

have recently detected both RE and phE during fracture of unfilled

polybutadiene, supporting the idea that a discharge indeed occurs.

Presumably, the degree of charge separation should indeed be sensitive to

the mechanical properties of the elastomers, namely that more rigid networks of

cross-links would result in higher local stresses prior to fracture (inducing

more charge separation) as well as the breaking of a larger number of principal

bonds during fracture which may also contribute to charge separation. Thus in

a more highly cross-linked material we might expect greater surface charging

which in turn would cause a more intense discharge and result in more intense

emission.

In this paper, we explore for the first time the possible influence of

cross-link density on EE and PIE intensities during and following fracture of

elastomers, where variations in cross-link densities were made by changing the



-31-

concentrations of the cross-linking agent and by exposure of the elastomers to

UV and '-radiation.

II. EXPERIMENTAL PROCEDURE

The materials used in this study were polybutadiene (BR) and a co-polymer

of styrene-butadiene (SBR). Most of the samples used in this experiment were

provided by The University of Akron, Institute of Polymer Science. The BR

samples consisted of Diene 35 NFA, Firestone Tire and Rubber Co., mixed with

dicumyl peroxide from 0 to 0.075% by weight.

The sample designations and the corresponding peroxide concentrations are

as follows;

BR-0 0.000%

BR-I 0.025%

BR-2 0.050%

BR-3 0.075%

SBR-1 0.1%

SBR-2 0.2%

The SBR was made in the ratio of 25/75 styrene-butadiene (SBR 1502

Firestone Tire and Rubber Co.) with 0.1% dicumyl peroxide resulting in a very

weak cross-linking and with 0.2% dicumyl peroxide showing increased

cross-linking. Cross-linking was carried out by heating each mixture for 2

hours at 150 t. For BR-0, the Diene 35 NFA was simply pressed and heated at

100 0C for 1 minute, which produced a very weakly cross-linked material.

As an additional means of varying the cross-link density, BR and SBR

'i
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samples were exposed to UV and I-radiation. The UV source was a laboratory Hg
0

lamp rich in 2500 A light. Although UV intensities were not measured, all

exposures were done at constant distance (20 cm) for 24 hours. The I-radiation

was from a calibrated 3000 Curie 60Co source and exposures were again for

24 hours. The cross-link density was determined by swelling measurements in

benzene using a technique described by Mullins and Mason (13).

The experiments were performed in vacuum at a pressure of 1 x 10- 5 Pa.

The vacuum system was equipped with a stress-strain device. The samples were

supported in the pulling (tension) mechanism in clamps with an initial

separation of 6 mm. The cross-section of these samples was 2 mm x 4.5 mm. The

top edge of each sample was notched in the center so that the crack propagated

in the vicinity 'f the detector. Samples were all elongated at a rate of 10%

per second. The detectors used for charged particles were Channeltron Electron

Multipliers (CEM) which produce a fast (IOns) pulse per incident particle with

approximately 90% absolute detection efficiency for electrons and nearly 100%

efficiency for positive ions with a gain of 106 to 108

electrons/incident particle. The detector was positioned about 2 cm away from

the sample. The front of the CEM was biased with +100 or -2500 volts to

attract electrons or positive ions, respectively. Background noise counts

ranged from 1 to 10 counts per second. Standard nuclear physics data

acquisition techniques, using a micro-computer based multichannel analyzer,

were employed to acquire and store the emission data.

III. RESULTS

The results of EE ano PIE measurements from the fracture of BR with
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various concentrations of dicumyl peroxide are shown plotted on a log scale in

Figs. 1 and 2. A comparison of both EE and PIE from different samples

indicates the influence of the cross-linking agent and therefore cross-link

density (CLD) on the emission. Both EE and PIE increase with the addition of

more dicumyl peroxide. The data for EE measurements from the 0% dicumyl

peroxide BR (BR-0) are also included in Fig. 1. We could not see any PIE from

BR-a samples, and the EE was relatively low. Variations in emission from

sample to sample of BR-i were quite high, about 50%. More consistency was

observed for samples of BR-2 and BR-3, with variations of about 20%.

Fig. 3 shows the dependence of EE and PIE at fracture, i.e., the peak

count rate, and the total emission (for equal time intervals of 400 seconds) on

1/M where M is the number average molecular weight betweenc c

cross-links of BR. The CLD is proportional to 1/M . It is clear from0

these curves that for this substance, increasing CLD yields noticeably more EE

and PIE at fracture, which is particularly evident in the total emission

curves. It should be noted that in these samples the CLD was not varied over a

very large range.

The change in fracture behavior with increased CLD for notched samples

strained at constant strain rate is evident in the observed rise in EE or PIE,

which from previous measurements indicates the rate of crack growth and time

required to fracture (2). The curves shown in Figs. 4a and 4b have been

shifted and normalized so that the peak emission rates coincide for BR-i and

BR-3 for four diferent samples. One can easily see the effect of increased CLD

on the fracture; BR-3 is fracturing considerably faster. Qualitatively, this

can be understood from the fact that as stress is applied to a rubber sample,

the shorter chains reach a breaking point before the longer chains. At higher
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CLD, network chains become shorter and less extensible and hence prone to

rupture before appreciable reorientation of the network as a whole occurs. On

the other hand, at a low CLD it has been proposed that plastic flow of the

chains is high. Therefore at low CLD the plastic deformiation is high and thus

it takes longer for the sample to break, while at high CLD the sample fractures

in a more brittle manner.

The effect of irradiation of elastomers on EE alone is shown in figures

5-8 for BR-2 and SBR-1, which were strained at the slower rate of 5% per second

(the changes in intensity and shape for BR-2 with and without UV irradiation

were relatively small so they are not shown). Note that the irradiated

materials have higher peak intensities and more emission after fracture,

similar to the changes induced by variation in dicumyl peroxide content. Table

II summarizes the measured emission totals amd 1/M values for these
c

materials before and after irradiation. In these cases, the irradiated

material shows the evidence of increased brittleness by yielding EE at earlier

times, i.e. the crack started moving at a lower strain (see Figs. 5-7).

The most dramatic change in EE with irradiation is for the BR-O, which is

shown in Fig. 8, yielding an increase in emission of up to 100 times. The

cross-link densities of the irradiated BR-O were not measured, but the exposed

samples were considerably stronger, indicating an increased number of linkages

over the weakly cross-linked BR-O.

IV. DISCUSSION

The results we have presented here clearly indicate that increasing CLD

produces changes in the intensities and time dependence of the EE and PIE

4
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accompanying fracture of these elastomers.

The time dependence effects observed are due to the influence of

cross-linking on the time dependence of fracture at constant strain rates,

namely the more brittle nature of crack motion with increasing CLD.

An explanation of the changes in intensity with CLD, which can be quite

dramatic as shown for BR-O, demand a detailed understanding of the FE

mechanisms in unfilled elastomers. We have implied in the introduction that

localized charge separation occuring during fracture may be playing a crucial

role even in "homogeneous" polymers. In fact we have recently detected RE and

phE during fracture of BR-2, indicating that a discharge is occurring. We

suggest that this in turn leads to or at least enhances EE and PIE because of

the bombardment of the fracture surfaces by charged particles created in the

discharge. Why BR should exhibit the charge separation necessary to yield

breakdown is not clear. A piezoelectric effect is one likely candidate for the

initial cause of charge separation. Wada (14) states that most polymers can

exhibit piezoelectricity due to the presence of certain impurities or embedded

charges in the bulk material. In addition, the fracture process itself, i.e.

the breaking of bonds, may lead to charge separation due to some asymmetry in

the electron clouds associated with the molecules undergoing scission, i.e. a

non-adiabatic process. At this point, however, we cannot really distinguish

between these possible causes nor provide details of the charge separation

process.

V. CONCLUSIONS

The relationship between CLD and fracto-emission intensity has been
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examined for unfilled BR and SBR. A clear increase in intensity with

increasing CLD was observed. Previous results on systems exhibiting strong

charge separation (including BR filled with glass beads) have indicated that

particle bombardment during fracture is responsible for the resulting EE and

PIE. The same mechanism may be involved in unfilled materials. This suggests

that, on a local scale at least, charge separation is occurring in

"homogeneous" elastomers. Although the cause of such charge separation in BR

and SBR is not at this time fully understood, we have demonstrated that FE is

sensitive to the microstructure and fracture-dependent properties of the

material.

II wm m~
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TABLE I.

ELFCTRONS

Approx. Decay Times Ions Detected/
Material of Fracto-Emission cm of Crack Wall

Neoprene <1 s 10 2

Viton <1 s 103

Buna N <1 s 10 2

Natural Rubber <1 s 103

Natural Rubber (abraded) Minutes 107

Silicone Rubber <1 s, minutes 105

Solithane <.2 s 104

Vinyl Rubber (filled) <1 s, minutes 104

Polybutadiene 0.04 s, minutes 103

Polybutadiene (filled) <1 s, minutes 10 7

Nylon-66 <1 s 104

Isoprene <1 s 106

Amber Rubber <1 s 5

BAMO <1 s 10 4

POSITIVE IONS

Approx. Decay Times ions Detected/
Material of Fracto-Emission cm of Crack Wall

Buna N <1 s, minutes 103

Natural Rubber <1 s 104

Natural Rubber (abraded) Minutes 107

Silicone Rubber <1 s, minutes 103

Solithane <.1 s 10 6

Vinyl Rubber (filled) <1 s, minutes 105

Polybutadiene <.04 3, minutes 105

Polybutadiene (filled) <.2 3, minutes I06

SBR - filled <1 10 6
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Table II

Material Avg. Total EE 1/M
c

SBR-1 23000 0.00024
SBR-1 (UV-irradiated) 27000 0.00029
SBR-1 ( -irradiated) 38000 0.00110

BR-2 35000 0.00100
BR-2 (UV-irradiated) 53000 0.00160
BR-2 (-irradiated) 84000 0.00500
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FIGURE CAPTIONS

Fig. 1: Electron emission vs. time for Polybutadiene cross-linked
with varying concentrations of dicumyl peroxide.

Fig. 2: Positive ion emission vs. time for Polybutadiene cross-linked
with varying concentrations of dicumyl peroxide.

Fig. 3: EE and PIE vs. I/M , where Mc is the number average
molecular weight between cross-links, and where 1/M is
proportional to cross-link density. C

Fig. 4: a) EE vs. time, and b) PIE vs. time for fracture of samples
of BR with different cross-link densities, during fracture.

Fig. 5: EE for BR-2 with and without exposure to 6-radiation.

Fig. 6: EE for SBR-1 with and without exposure to d-radiation.

Fig. 7: EE for SBR-1 with and without exposure to UV radiation.

Fig. 8: EE for BR-O with and without exposure to UV and i-radiation.
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V. ELECTRON AND POSITIVE ION EMISSION ACCOMPANYING FRACTURE OF WINT-O-GREEN

LIFESAVERS AND SINGLE-CRYSTAL SUCROSE

J. T. Dickinson, L. B. Brix, and L. C. Jensen
Department of Physics

Washington State University
Pullman, WA 99164-2314

ABSTRACT
TM*

It is a well-known fact that when Wint-o-green Lifesavers are
broken in air one observes intense triboluminescence. We report here
measurements of the emission of electrons and positive ions from the fracture
of these Lifesavers in vacuum, as well as from single-crystal sucrose. The
emission of photons and radiowaves during fracture in vacuum is also presented
for sucrose, indicating the occurrence of a gaseous discharge in the crack tip
during crack growth. Comparisons of the various emission curves are presented
and discussed in terms of stress-induced charge separation.

* Lifesaver is a registered trademark of Lifesaver, Inc.



I. INTRODUCTION

Fracto-emission (FE) is the emission of particles, i.e. electrons, ions,

neutral species, and photons, during and following the fracture of a material.

In recent papers (see reference 1 and the references contained therein) we have

shown that fracture in a vacuum of a large number of materials where charge

separation occurs on the fracture surface leads to intense, long-lasting

electron emission (EE) as well as positive ion emission (PIE). We have

recently presented a qualitative model (2) for such systems which explains a

wide range of observations. In this model, charge separation is accompanied by

neutral emission (3) causing a gaseous discharge to occur in the crack tip

region. This breakdown results in bombardment of the fracture surfaces by the

charged particles produced in the discharge, which leads to eventual electron

emission via electron-hole recombination (which can also yield visible photons,

i.e. thermoluminescence (10)).

While carrying out studies verifying this model we became interested in

systems where fracture produces triboluminesence, which has been attributed

principally to charge separation (2). reasoning that there might also be

observable EE and PIE from such samples. It is a well-known fact that when

Wint-o-green Lifesavers are fractured in the dark one can easily observe the

accompanying photon emission (phE) with the naked eye. Zink and co-workers

(4-7) have attributed this triboluminescence in part to the electrical

breakdown of ai- (N 2 ) at the crack tip due to the intense E-fields caused

!2



by char6e separation in the sucrose crystals contained in the Wint-o-green

Lifesavers. Presumably these charged surfaces are produced by stress-induced

polarization of sucrose crystals (a form of piezoelectricity) which, upon

fracture, leads to charge separation.

In this work we first asked whether Wint-o-green Lifesavers fractured in a

vacuum emit electrons and positive ions. Finding this to be the case, we then

fractured single-crystal sucrose (the major ingredient in the Lifesavers) and

found that it also emitted electrons and positive ions. We then sought

evidence of a gaseous discharge occurring during fracture in vacuum, by

detection of visible photons (phE) and radiowaves (RE), similar to the noise

picked up on an AM radio during a lightning storm, but considerably less

intense. The results presented here support the concepts suggested in our

inodel (2) and also explain how the fracture of a molecular crystal, which

should not yield substantial covalent bond breaking, can lead to energetic

processes such as electron and ion emission.

II. EXPERIMENTAL

Single crystals of sucrose were grown by allowing a saturated solution of

sugar in water to evaporate. Crystals began forming - usually growing down

from the surface - within one week, and were large enough to use after two or

three weeks. The crystals were then carefully removed from the container and

left to dry in air for several days, after which the largest crystals were

carefully separated from other crystals by cleavage.

The crystals were then prepared for use in a miniature three-point bending

apparatus, which was used to fracture the samples inside a vacuum. A sample
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could be cut to the proper size by cleaving a crystal along one of its axes

with a sharp blade. Any irregularities or small crystals growing on the larger

crystal were removed with an abrasive. Wint-o-green Lifesavers were prepared

for breaking by simply cutting small rectangular sections with a jeweler's saw.

Typical dimensions for both types of samples were 1mm x 3mm x 6mm.

The three-point bending apparatus held the ends of the sample fixed while

applying pressure to the center until fracture occurred. The device was

operated from outside the vacuum chamber by means of a bellows arrangement.

The experiments were carried out at a pressure of 10- 5 Pa.

Charged particles were detected with a channel electron multiplier (CEM),

Galileo Electro-Optics Model 4039, positioned one cm from the sample surface.

The front cone of the CEM was biased at +600 volts for efficient detection of

electrons and at -2500 volts for detection of positive ions. The pulses out of

the CEM were 10 ns in duration. Following amplification and discrimination,

the pulses were counted and stored in a computer-based multi-channel analyzer

set at 0.8 s/channel.

The photon detector was a Bendix BX754A Photon Counter Tube with an S-20

photosensitive cathode and a background count rate of 10-20 counts per second.

The tube was placed in the vacuum a few millimeters from the sample looking

into the region where fracture would occur. A CEM was placed as close as

possible (approximately 5 cm from the sample) to simultaneously detect the

charged particle emission.

III. RESULTS

The single crystals of sucrose tended to have rough fracture surfaces,
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perhaps due to minor imperfections and impurities in the crystals. Both the

sucrose crystals and Lifesaver samples sometimes broke into more than one piece

or crumbled into many pieces. Qualitatively, in the case of EE from sucrose,

the emission was roughly proportional to the cross-sectional area of the

fracture surface.

Wint-o-green Lifesavers emitted both electrons and positive ions during

and after fracture. Fig. 1 shows typical EE from a Wint-o-green Lifesaver.

The PIE for a Wint-o-green Lifesaver is shown in Fig. 2 and is seen to follow

closely the curve for the Lifesaver EE. We have observed similar behavior of

EE and PIE in a number of other materials where charge separation is strong,

including SiO 2, PZT, mica, and systems undergoing interfacial failure

between polymers and both dielectric and metal substrates. Fig. 3 shows the EE

from a sucrose crystal. The PIE from sucrose, shown in Fig. 4, again has the

same general form as the EE.

The decay for sucrose is noticeably slower than that of the Wint-o-green

Lifesavers. The peak counts for sucrose and Lifesavers are very nearly the

same; the total counts for sucrose are approximately twice those obtained for

the Lifesavers due to the longer tail. The total intensities per unit

cross-sectional area for both these materials are above average for the wide

range of materials we have examined (8).

Zink, et. al., have found that phE (triboluminescence) from Wint-o-green

Lifesavers fractured in air appears to occur only during the propagation of the

crack. The duration of phE from a single crack should be about the same as the

time required for a crack to move through the sample, i.e. on the order of a

few microseconds. EE and PIE from the Wint-o-green Lifesavers and sucrose, on

the other hand, lasted many seconds, the emission intensity gradually decaying

t - -_ _
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over a period of time. Thus we see that phE produced in air and the EE and PIE

produced in vacuum exhibit completely different behavior.

To compare the charged particle emission with possible phE occurring in

vacuum, and to obtain further information on the mechanism, we examined the EE

and phE, as well as the accompanying radiowave emission (RE), from the fracture

of single-crystal sucrose in vacuum. The RE was detected with a small pick-up

coil placed near the sample (2). As shown in Fig. 5, the RE and phE occur only

during fracture, while the EE is, as before, most intense during fracture,

followed by the usual tail.

For some sucrose samples, the phE was sufficiently intense that we were

able to observe a component after fracture which showed evidence of decaying in

step with the EE. Fig. 6 shows phE from two samples, taken on two different

time scales: a) 40 ms/channel, and b) 0.8 s/channel. The second sucrose

sample broke into several pieces, thus yielding multiple peaks. In both

figures there are clear indications of a phE tail similar to the EE. In Fig.

6a, the peak phE (note log scale) is seen to be considerably higher than the

remaining emission, suggesting two separate mechanisms for phE during and after

fracture.

IV. DISCUSSION

Our data clearly indicate that fracture of Wint-o-green Lifesavers and

single-crystal sucrose in vacuum is accompanied by EE and PIE which differ

dramatically in form and time-dependence from the phE observed in air by Zink

and from the vacuum phE data we have taken. The similarities between the

Lifesaver and sucrose EE and PIE sugtest that the basic cause of FE from the

4 .- P .. ... ... .. ... .. ... .. ... .... ...... ... ....... ..
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Lifesavers is fracture of the sucrose crystals contained in the Lifesavers.

The faster decays of the Lifesaver EE and PIE may be due to the influence of

the flavoring agent (methyl salicylate) on the processes causing post-fracture

emission.

RE has previously been observed by Derjaguin et al. (9) during the

peeling of polymer films from dielectric substrates (at much higher pressures

than in our experiments) and was attributed to electrical breakdown in the

background gases. The RE we observe is not due to background gases, but to

gases desorbing from the crack wall into the crack tip. Zink et al. (7) showed

that vacuum-degassed sucrose would not produce tribolurinescence when the

crystals were broken in liquid benzene (free of N2 ), which suggests that

our undegassed samples may be evolving N2 during fracture, leading to the

discharge.

The detection of RE and the intense phE during fracture of sucrose in

vacuum supports our hypothesis of a gaseous discharge, caused by strong charge

separation, in the crack tip during fracture. The resulting charged particles

in this micro-discharge should be strongly attracted to the oppositely charged

surfaces, leading to bombardment of these surfaces. As we have shown in

reference 2, this bombardment can lead to both EE and PIE. The mechanism for

the EE is basically electron-hole recombination (10) where the necessary

excitations were originally created by particle bombardment occurring during

the discharge. Since trapped electrons must be mobilized in order to locate an

appropriate hole, the rate of post-fracture EE will depend on electron and hole

concentrations as well as the electron transport process. The phenomenon of

radiation-induced electron emission, normally studied in inorganic materials,

is called thermally stimulated electron emission (10). A process parallel to
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this non-radiative electron emission is the emission of photons

(thermoluminescence (10)), which accounts for the tail observed in the phE

after fracture in vacuum. This tail may not be observable in the

triboluminescence produced in air because of a quenching of the necessary

excitations by reactions with air molecules.

The PIE is assumed to be due to self-bombardment, i.e.

"self-flagellation," of the fracture surface with electrons which cannot escape

due to electric fields from adjacent charge patches. This self-bombardment of

the fracture surfaces induces PIE via an electron stimulated desorption (ESD)

mechanism (11). The PIE rate should then follow the overall EE rate,

explaining why we observe identical decay curves for EE and PIE.

In passing we should note that the shape of the EE and PIE curves, in

particular the relatively rapid decay that occurs immediately after fracture,

may be due in part to the temperature of the fracture surface being elevated by

crack propagation, then cooling to room temperature in a few seconds via

conduction and radiation. The EE and PIE intensities would follow this

decrease in temperature. We are pursuing quantitative models of the kinetics

of the EE processeq and eventually hope to use the EE to obtain accurate

measurements of the temperature rise of the surface produced by fracture.

V. CONCLUSIONS

The phE (triboluminescence) of Wint-o-green Lifesavers and sucrose for

fracture in air has been strongly linked to charge separation on the fracture

surfaces by Zink and co-workers (4-7). We have obtained similar results for

phE in vacuum for the fracture of single crystals of sucrose. Furthermore, we
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have shown that EE and PIE also occur in vacuum for both the Lifesavers and

sucrose. The similarities of the time decays suggest that EE and PIE from the

Lifesavers are due to fracture of the sucrose contained in the Lifesavers. The

phE that we observed appears to have two components: 1) photons from a

discharge in the crack during fracture, and 2) thermoluminescence after

fracture. The latter is a relaxation process that occurs in parallel with the

EE; both are due to electron-hole recombination. Strong evidence for the

occurrence of the gaseous breakdown is the RE and the intense component of phE

occurring during fracture.

One final result that was not reported above that should be noted is that

after fracture in vacuum, the Wint-o-green Lifesavers tasted rather bland.

Although we have not performed the control experiment, we are confident that

fracture had nothing to do with the change in flavor. One must ask, however,

what influence FE might have on the physiological experience of eating

Lifesavers.

4
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FIGURE CAPTIONS

Fi4. 1: Electron emission (log scale) from the fracture of a Wint-o-green

Lifesaver.

Fig. 2: Positive ion emission from the fracture of a Vint-o-green Lifesaver.

Fig. 3: EE from single-crystal sucrose.

Fig. 4: PIE from single-crystal sucrose.

Fig. 5: Simultaneous emission of electrons, visible photons, and radiowaves
from single-crystal sucrose.

Fig. 6: Visible photon emission from fracture of single-crystal sucrose for
two samples, taken on different time scales: a) 40 ms/channel, and b) 0.8
s/channel.
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ABSTRACT

Single crystals of the explosive cyclotrimethylene
trinitramine (RDX) were fractured in a vacuum while viewed by
particle detectors biased to separate positive and negative
charge. Fracture was achieved by compressive loading of small
crystals and by three point bending. Cleavage type fracture
exposing [001] crystal planes yielded a sharp emission peak
followed by rapid decay. Multiple fracture involving surface
frictional grinding yielded large emissions with emission
continuing for several minutes after the mechanical damage.
Results are discussed in terms of possible mechanisms.
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I. INTRODUCTION

Fracto-Emission (FE) is the emission of particles--i.e. electrons,

positive ions, neutral species, and photons--during and following the fracture

of a material (see reference 1 and references contained therein). We have

previously reported FE from single crystals of pentaerythritol tetranitrate

(PETN) and cyclotetramethylene tetranitramin (HMX). In this paper we present

recent work on the electron emission (EE) and positive ion emission (PIE) from

cyclotrimethylene trinitramine (RDX) single crystals fractured in vacuum.

Fracture induced phenomena in these materials is of particular interest

because of possible relevancy to their unusual decomposition modes wherein

slow decomposition can revert to rapid modes of reaction releasing energy by

atomic rearrangement. The role of the fracture process and the fracture

surface in initiation is not clearly understood so that any new information

would be of benefit. In this paper we show that like PETN and HMX, RDX also

emits EE and PIE, and that the mode of fracture relative to the

crystallographic orientation appears to effect the emission characteristics.

We interpret these results in terms of a mechanistic model we have recently

presented. 2

II. EXPERIMENTAL

Single crystals of cyclotrimethylene trinitramine (RDX) were fractured

in compression and three point bending. Two sizes of crystals were used:

small class D crystals of about 1 mg and larger laboratory grown crystals of

about 50 mg. The crystallographic orientation of the crystals with respect to

the fracture mode were noted. Six of the small crystals and three of the

large RDX crystals were fractured by compressive loading. Eight of the large

RDX crystals were fractured in three point bending.
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Charged particles were detected with Galileo Electro-Optics Model 4039

channel electron multipliers (CEM)3 positioned about 1 cm from the sample.

The front of the CEM was biased at +600 volts for efficient detection of

electrons or at -2500 volts for detection of positive ions. Although these

potentials do not guarantee exclusion of particles of the wrong sign nor the

detection of excited neutrals, work on polymers indicate we will detect

predominantly the EE or the PIE. The CEM detectors have typical dains of

106 - 10 electrons/incident particle producing fast (10 ns) pulses. For the

work reported here the detection efficiency for both electrons and positive

ions is near 100%, although we expect our collection efficiency to be as low

as 10-20%. Background noise counts typically randed from 1 to 10

counts/second. Standard nuclear physics data acquisition methods were used to

convert and store pulses as a function of time.

For compressive loading two CEM detectors were used on opposite

sides of the crystal under compression. Two detectors allowed observation of

both negative and positive charges, although geometrially one detector was

much closer to the fracture surface than the other and therefore was favored.

For crystals fractured in three point bending a thin piece of metal with a

rectangular window a few mm on a side was used to provide the end support of

the crystals while a knife edge pushed from behind to fracture the crystal.

For three point bending only one detector was used monitoring either electrons

or positive ions.

Fracture was performed manually using a screw drive coupled to the

translation of two parallel metal surfaces for compressive loading and to the

motion of a knife edge for flex or three point bending. For some crystals we

performed slow loading until an initial emission was observed. Other crystals

received a faster loading which crushed the crystals, producing multiple



-72-

fracture. Various samples were recovered for subsequent microscopic

examination of the fractured surfaces. The vacuum system used in this work

produced a background pressure of 10- 5 Pa.

III. RESULTS

We started our experimentation compressing the small class D RDX

crystals. We tried two different orientations with respect to the loading

direction. The crystals were tabular in shape with the major flat surfaces

(001) type crystal planes. Four class D crystals were compressed normal to

the tabular planes while two were compressed parallel to the (001) morphology.

The results are sumnarized in Table I. A total collection time of 240 seconds

is represented in Table I; background counts (typically 2 counts/sec) have

been subtracted out. Even in these small samples definite emission is

illustrated for electron emission in sample 368 shown in Fig. 1. The peak

counts recorded recorded in Fig. I for one 0.8 second channel is 95. Figure 2

shows the ion emission for sample 369. Peak counts recorded here was 575.

Low total counts generally corresponded to rapid emission decay. In contrast

sample 366 yielded relatively large ion emission and was accompanied by slow

decay.

Table I

Sample Orientation Electron Count Positive Ion Count Favoring

366 Normal 2,500 600 Electron

367 Normal 400 600 Electron

368 Normal 350 200 Electron

369 Normal 150 98V Ions

370 Parallel 100 200 Ions

371 Parallel 500 250 Electron
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Five of the larger laboratory grown ROX crystals were fractured in

compression. Table II Summarizes the results.

Table II

Sample Orientation Electron Count Positive Ion Count

372 C-2 Normal 154,000 29,000

163,000 12,000

373 A-3 Parallel 3,000 3,500

374 A-2 Normal 8,000 20,000

384 A-4 Normal 17,000 32,000

385 C-5 Normal 52,000 143,000

Figure 3 shows the large slow decaying electron emission associated

with sample 372 C-2. The positive ion emission decayed in a similar fashion.

We have shown in a number of cases that the PIE and EE are kinetically
1

equivalent. Sample A-3 fractured and rotated in the compression fixture so

that the fracture was not as extensive as for the other two samples.

Seven RDX crystals were fractured in three point bending. The knife-

edge was perpendicular to the [001 crystal direction. Table III summarizes

the results:
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Table III

Sample Electron Counts

375 A-i 1,000

376 B-4 31,000

377 C-4 1,000,000

380 C-1 9,000

381 B-3 6,000

382 B-1A 1,400

383 B-1B 54,000

Figure 4 shows the fast decay of electron emission from sample

375 A-i. In contrast to this fast decay low emission, some fractures produced

emission thousands of times more intense with slow decay for long times

following the fracture. Figure 5a shows an example of emission of this type

for sample 377 C-4 which yielded extremely high emission. Figure 5b shows the

initial emission on a faster time scale (50 ms/channel). One sees that the

peak emission (during fracture) is considerably higher than the next few

channels of after-emission. Note that the decay curve is very complicated,

showing a minimum soon after fracture which then rises and falls fairly

smoothly. With slow advances of the knife edge, it was possible to observe

emission from the initial fracture event. Figure 6 shows electron emission

for sample 380 C-1 at 0.8 s/channel; over half of the emission occurs during

the first channel and then rapid decays back to zero. The same data displayed

at 5 Ms/channel shows in more detail the rapid portion of this decay. Sample

382 B-1A was also stressed slowly until emission occurred. Figure 8 shows two

bursts of emission accompanying this initial fracture, each occurring in less

€!- . _- - -
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than a second. The crystal cracked but did not separate into two pieces.

Presumably the two bursts correspond to two fracture events. Subsequent

additional stress resulted in much larger and longer lasting emission

indicated for the second stressing of sample B1, labeled 383 B-IB in Table

III.

Correlations of the observed differences in FE with SEM analysis of

the fracture surfaces is in progress at NSWC.

IV. DISCUSSION

We have demonstrated fracto-emission for single crystals of RDX. 3oth

electron and positive ion emission occurs. Two extreme types of emission have

been observed in RDX. Slow three point bending producing a fracture

separating C0011 planes yields a sharp emission peak followed by rapid decay.

Total emission is of the order of a few thousand counts. More rapid loading

that most likely involves surface frictional grinding produces intense

emission that continues many seconds after the mechanical damage. Figures 3

and 5 are examples of this type. Figure 5 has a sharp initial emission with

the subsequent emission slowly decaying. There may be some increases of

emission occurring in the decaying region of the slow decay.

The correlation of FE with the fractography suggests that FE is indeed

sensitive to the path of the crack. Details of this correlation will be

available soon.

Recent FE studies on non-energetic materials at Washington State

University have indicated that over a wide range of materials those that

exhibit intense EE and PIE also exhibit easily measurable photon emission

(phE) and radio wave emission (RE) during crack growth in samples fractured in

vacuum. These latter two emissions are attributed to breakdown (a gaseous

..
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discharge) occurring in the crack due to the separation of charge on the crack

surfaces and the evolvement of gases into the crack. The charge density, gas

pressure, and spacing are such that a gaseous discharge occurs, the intensity

of which depends dramatically on crack velocity. The consequence of this

discharge is the immediate bombardment of the crack walls with charged

particles of reasonably high energies. This bombardment is then the basic

cause of the post-fracture EE we have seen in so many materials. The

bombardment creates electron-hole pairs. Their recombination releases

electrons via non-radiative, Auger-like transitions. The accompanying PIE is

explained in terms of self-bombardment of the surface by a portion of the EE

attracted back to the surface by positive charge patches. The evidence in

support of this mechanistic model has been recently presented in references 2

and 4.

One of the materials which produced strong EE, phE, and RE, and thus

4supporting our model, was the molecular crystal sucrose. The phE of sucrose

fractured in air (usually referred to as triboluminescence) is well known5 and

has been attributed to the breakdown of N2 from air in the crack-tip. Sucrose

is piezoelectric, thus the onset of charge separation due to the local

stresses near the crack-tip are certainly expected. However, the details of

the charge transfer process, or perhaps better stated, the barriers to charge

transfer that ultimately yield charges on the fracture surfaces are not

understood. In our studies 4 we showed that even when fractured in vacuum,

single crystal sucrose yielded strong EE, phE, and RE during fracture and

intense, long lasting EE after fracture.

In the molecular crystals PETN, HMX, and now RDX, the existence of FE

and its similarities In form to other materials indicate that similar

phenomena may be occurring. The major question that has troubled us in these

4i
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materials and sucrose (i.e. molecular crystals) as well as systems involving

adhesive failure was how did electrons acquire the necessary energy to escape

these materials. At first we considered fracture-induced bond scissons

followed by "eneriy-releasing" recombination reactions. But the molecular

crystals and systems failing adhesively really should not yield significant

densities of primary bond scissions due to the weak inter-molecular forces

normally expected. The particle bombardment mechanism, however, puts

electrons in favorable, high lying energy levels which can undergo transitions

producing EE, similar to exo-emission induced by radiation observed from
B

inorganic insulators. We therefore cautiously propose that in these

explosive crystals, the observed emission following fracture is induced by a

mechanism wherein a gaseous discharge produces particle bombardment of the

fracture surfaces, thus creating electron-hole pairs whose recombination can

lead to EE.

The sensitivity of EE and PIE in RDX to the type of loading and

fracture path may be due to the differences in surface charge and/or release

of gases into the crack during fracture. Certainly, the piezoelectric

properties of crystalline materials tend to vary with crystallographic

orientation, and thus could create different charge densities upon separation.

Also, the crack velocity or rate of separation of the fracture surfaces, which

would depend on which crystal planes are involved, would be expected to

influence the intensity of the discharge.

The questions raised, suggested experiments, and implications of

interpreting the observed emission in terms of these concepts are quite

extensive. One major question is the details of creating a discharge in the

crack tip and, of nourse, experimental verification of its occurrence (phE and

RE) as well as the relation of EE and PIE to particle bombardment of these
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crystals. In terms of implications, the presence and density of charge on the

fracture surface should be particularly pertinent to the manner in which

fracture is occurring in these materials. Furthermore, the consequences of

particles bombarding the fracture surfaces in terms of potential chemistry on

and near the surface should be of considerable interest.
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FIGURE CAPTIONS

Fig. 1. Electron emission accompanying the fracture of a single class D RDX
crystal under compressive loading. Two peaks are observed probably
due to two separate fracture events.

Fig. 2. Positive ion emission from the fracture of a single class D RDX
crystal under compressive loading. A single peak lasting
approximately 5s is observed.

Fig. 3. Electron emission from the compressive failure of a laboratory grown
RDX crystal showing intense, long lasting emission.

Fib. 4. Electron emission from a laboratory grown RDX crystal loaded in a 3-
point bending mode.

Fig. 5. Electron emission from sample 377 C-4 loaded in 3-point bending.
a) data taken at 0.8 s/channel b) some data recorded at 50
ms/channel.
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VII. FRACTO-EMISSION FROM FILLED AND UNFILLED ELASTOMERS

J. T. Dickinson, L. C. Jensen and A. Jahan-Latibari
Department of Physics
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Pullman, Wa. 99164-2814

ABSTRACT

For a wide range of materials the emission of electrons (EE), positive
ions (PIE), neutral species (NE), and photons (phE) has been observed
accompanying fracture. We refer collectively to these emissions as
fracto-emission (FE). In this paper we review our work on fracto-emission from
filled and unfilled elastomers. When interfacial failure occurs it appears to
lead to highly reactive surface species(pernaps free radicals), and charge
separation. Subsequent chemical rt ctions in the presence of surface charge
produces intense, long lasting (several minutes) emission of charged particles
and excited neutral species. The energies of the charedi particle emission
can be as much as several hundred electron volts. In this paper we describe
measurements of the time dependence, energy distributions, crack velocity
dependence, time correlations between EE and PIE, and PIE mass. We also
discuss the effect of cross-link density on FE intensities.

C -t
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I. INTRODUCTION

Crack propagation through an insulating material or at an interface

produces regions of high electronic and chemical activity on the

freshly-created surfaces. This activity causes the emission of particles, i.e.

electrons, ions, and neutral species, as well as photons, from the surfaces

both during and after crack propagation. This emission is called

fracto-emission (FE). Electron emission from deformed materials for particular

variations of mechanical stimulation has also been called tribo-stimulated

exo-emission and mechano-emissiorn. Photon emission during deformation and/or

crack propagation is often referred to as tribo-luminescence.

In this paper we would like to review our work on FE at Washington State

University concerning systems involving the fracture of filled and unfilled

elastomers. The primary goals of our research have been to characterize

fracto-emission from various materials, to further our understanding of the FE

mechanisms, and to examine the dependence of FE on the fracture event and

material properties. These studies (References 1-15) have included fracture of

oxide coatings on Al (1-6), measurements of neutral molecule emission

accompanying fracture (3), the examination of FE accompanying adhesive failure

(T,9), measurements of the dependence of electron emission (EE) on crack

velocity in filled elastomers (8), measurements of the mass of the positive ion

emission (PIE) accompanying fracture (10-12), an examination of the time

correlation between the EE and PIE being emitted from the same sample (11), and

preliminary studies of imaging of EE and PIE coming from fracture surfaces.

FE studies are still quite new and considerable work is necessary to
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further characterize FE and to understand emission mechanisms. Nevertheless,

we can speculate to some extent concerning potential applications to studies of

fracture in general. The most obvious application is the sensitive detection

of crack formation and growth where broken bonds are in communication with the

surrounding vacuum (so that particles can be detected). The formation of

surface cracks, crazing, micro-cracking, and finally a running catastrophic

crack are examples of detectable events using FE. The motion of a crack as a

function of time can be measured over a relatively wide range of time scales.

In many cases, particle counting techniques used by nuclear physicists can be

employed. We have examined, for example, the fracture of filled elastomers

with 1 ps time resolution. Through the use of such techniques, FE may serve as

a convenient way to measure the instantaneous crack velocity. Imaging of

charged particles using image intensifier technology, as well as sensitive

photon detection, may allow the use of FE to determine the location of damage,

as well as providing temporal information during straining of a sample.

Examination of the emission kinetics immediately after the separation of

the two fracture surfaces may serve as a way to measure the surface temperature

at the crack tip. Models we have constructed for the post-fracture emission

(or after-emission) all require a temperature rise with fracture that decays

exponentially with a decay time of a few seconds.

Furthermore, FE has considerable potential as a probe of the locus of

fracture in a multi-component system such as a filled elastomer. The

intensity, time dependence, and species emitted appear to be sensitive to where

fracture has occurred. For example, FE may be useful for determining when

delamination or dewetting have occurred and to what degree.

Finally, FE may relate in important ways to fracture mechanics parameters

and chemical bonding phenomena. If reliable connections can be made to such
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paraietars, F[ could be used to measure them on an instantaneous and

microscopic scale.

In references 14 and 15, we have reviewed the major characteristics that

we have observed in the FE from a wide range of materials, including systems

involving interfacial failure and composites. In brief, FE is a wide-ranging

phenomenon; the characteristics appear to be sensitive to material properties,

mode of fracture, crack velocity, and temperature. The emission mechanisms are

not unique for each FE species but appear to involve fracture-induced

mechano-chemistry and electrons trapped in shallow surface states produced and

filled during fracture. These processes generally involve the consequences of

broken bonds and we suggest, therefore, that FE is a probe of the degree of

bond breaking that has occurred in producing the fracture surface.

In an elastomer, the degree of bond breaking is strongly dependen- on the

structure of the material (e.g. cross-link density), as well as the

temperature, strain rate, and the presence of interfaces. In this paper we

review our observations concerning the FE properties and some factors that

influence the FE characteristics for filled and unfilled elastomers.

II. EXPERIMENTAL TECHNIQUES

Here we discuss brifly the general experimental techniques we use in our

FE studies, in particular the charged particle work. Because we frequently

deal with the detection of particles such as electrons, ions, and neutral

molecules it is necessary to work in a vacuum. We have two vacuum systems that

use liquid nitrogen trapped diffusion pumps to attain pressures of 1 - 10 X

10-5 Pa within a row minutes. We have one ultra-high vacuum system capable

of reaching pressures below 10- 7 Pa with a light bake-out. The latter
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systea is used in neutral emission studies to minimize interference from

background gases in the mass spectra and to investigate the influence of the

gaseous environment on the charged particle/photon emissions. The work

presented in this paper has shown no evidence of a dependence on background

gases in these pressure ranges.

For FE studies, our vacuum systems are equipped with devices to stress

samples in various ways including tension, flex, and compression, while

measuring stress and/or strain. Most of our experiments are performed in

tension. Figure 1 shows a typical experimental arrangement.

The detectors used for charged particles are channeltron electron

taultipliers (CEM) which produce fast (10 ns) pulses with approximately 90%

absolute detection efficiency for electrons and nearly 100% efficiency for

positive ions. The gains of the CEM's used were typically 10 - 10a

electrons/incident particle. The detectors were positioned 1 - 4 cm away from

the sample with a bias voltage on the front cone of the CEM to attract the

charged particles of interest. Background noise counts ranged from 1 to 10

counts/second. Standard nuclear physics data aquisition techniques were

employed to count and store pulses, normally as functions of time. The time

scales of interest are submicrosecond to several second intervals, which we can

easily cover with commercial electronics.

In addition to the above capabilities, we also have a UHV system for the

measurement of the neutral molecule emission accompanying fracture, devices for

measuring charged particle kinetic energies, and photon detectors for

measurements of photon emission accompanying fracture. In this review we will

concentrate on our EE and PIE measurements.

The materials to be discussed in this paper include the following:
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Samples of isoprene rubber (IR), provided by Alza Corporation,

consisted of Goodyear Natsyn 2200 cross-linked with O.025%dicumyl peroxide

compression molded for 20 minutes at 165 0C.

Samples of polybutadiene (BR) were provided by The University of

Akron, Institute of Polymer Science. They consisted of Diene 35 NFA

(Firestone Tire and Rubber Co.), mixed with dicumyl peroxide from 0.025 to

0.075% by weight. Cross-linking was carried out by heating each mixture

for 2 hours at 150 0C. Some BR samples contained small untreated glass

beads 30-95 pm in diameter or 250 - 500 pm in diameter,mixed from 0 - 34%

by volume. In addition we examined the peeling detachment of

polybutadiene bonded to a macroscopic flat glass surface.

Commercial 50 Durometer Red Silicon Rubber (SI) samples filled 50% by

volume with silica particles of irregular shape, typically 10 pm in

diameter, and very fine Fe20 3 powder were used in the crack

velocity studies.

The elastomers were fractured in tension at elongation rates in the range

of 0.1 - 20 cm/s. Samples were usually notched so the fracture would occur in

front of the detectors.

III. RESULTS AND DISCUSSION

Survey of EE and PIE: The first experiments we performed were to simply

fracture various materials either in tension or, for brittle materials, in

three point bending and detect the resulting E and PIE. The integral under
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the e;nission curves .jas divided by the cross-sectional area to give an

intensity per unit area. The time for the emission to decay was also measured

(or an upper bound determined when fast decays were not determined). Table I

lists the results of this survey for a wide variety of materials including a

number of elastomers. We have not examined as many materials for PIE; however

it should be mentioned that for the materials examined, EE and PIE appear with

approximately equal intensities.

Figure 2 shows the resulting EE (on a log scale) for isoprene rubber (IR)

for a sample approximately 20 mi2 in cross-section. The non-linear decay

on a log scale indicates that the emission is not a simple first order process.

Model fits of such decay curves indicate a second order, diffusion limited

process is involved and a slight temperature rise at fracture is necessary,

consistent with fracture-induced heating of the newly created surfaces, which

then cool by conduction. Details of these model studies will be published at a

later date.

Filled and Unfilled BR: Of considerable interest is the FE from filled

materials in comparision to the unfilled material. The locus of fracture often

involves the interface between the hard filler particles and the elastomer

matrix. When a material such as polybutadiene (BR) filled with untreated glass

beads is fractured, SEM studies show that the creation of fracture surfaces in

these samples involves a high degree of interfacial failure. The EE and PIE

for filled (34% by volume) and unfilled BR are shown in Figure 3. The peak

intensity created during fracture and the after-emission are both considerably

more intense when the glass beads are present. The detachment of the beads

from the polymer tends to happen very quickly, and this interfacial failure is

responsible for the enhanced emission. Figure 4 shows the dependence of the

total emission (counts accumulated in 200 seconds) on the quantity of glass
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beads in BR. Altfioubh we have drawn thie graphs as straight lines, one sees a

sliaht curvature in the data. Similar data taken with larger glass beads (250

- 500 pm in diameter), as seen in Figure 5, definitely show peaks in both EE

and PIE intensities. The larger beads greatly reduce the strength of the

material at a lower concentration than do the smaller beads. As a result, a

crack begins moving through the material at lower strain and at considerably

lower crack velocity. As we shall show in the following paragraphs, this rate

of separation of the interfaces can greatly influence the emission intensicy.

Crack Velocity: We examined the dependence of EE intensity on the

instantaneous crack velocity, Vc, of two filled elastomers: 3R and

silicone rubber (SI) by measuring the crack-tip position as a function of time

and EE intensity simultaneously. The formier was done by using a video recorder

with the camera imaging the region where the crack was propagating.

Measurements of the crack position vs time from each frame (1/60 second)

allowed calculation of V to values up to 20 cm/s. At a constant strainc

rate, the crack would accelerate until separation. Figures 6-7 show the

resultind EE counts per channel (1 ms) vs. crack velocity for both BR and SI.

Figure 6 represents the initial data for low velocities ('7 cm/s) where

non-linear rise is observed. Figure 7 shows both low and high velocities.

Comparing the two curves we see the remarkably strong dependence of EE

intensity on crack velocity, namely nearly an exponential dependence at higher

velocities.

Qualitatively, we have observed in a number of systems involving adhesive

failure a strong dependence of FE intensity on the rate the surfaces separate,

i.e. crack velocity. This suggests the interface is left in a higher state of

non-equilibrium, perhaps because of a higher degree of bond breaking and a

higher concentration of free radicals and/or trapped electrons near the

4t
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conduction band. This hi~her concentration may be a consequence of the fact

that more rapid loading does not allow local molecular stresses in the region

of the interface to be relieved via viscoelastic relaxation mechanisms, leading

to a higher degree of bond scissions. These results suggest FE may be a

sensitive probe of the microscopic events occuring during fracture.

As a verification that the enhanced, long lasting EE and PIE in the BR

filled with glass beads was indeed due to interfacial failure, we obtained

samples of the same polymer, cross-linked with 0.075% dicumyl peroxide, in

contact with untreated soda-lime glass plates (intended to simulate the surface

of the soda-lime glass beads). The elastomer layer, which was only weakly

adhering to the glass surface, could be peeled from the glass surface while the

FE was monitored with a particle detector. Typical PIE results are shown in

Fig. 8, where the time' Tis the interval over which the peeling occured and

during which approximately 2 cm2 of area was exposed. The emission is once

again intense and long-lasting. Qualitatively, the shape of the decay curve

holds up longer and the total counts obtained in a 400 see time interval

increased with increasing peel velocity. Results for EE are essentially

identical. We thus conclude that the interfacial failure in the BR filled with

glass beads is indeed responsible for the intense, long-lasting emission

observed and that the rate of surface separation is an important parameter

effecting FE.

EE and PIE Time Correlations: Similar to a number of materials examined,

in the BR filled glass beads we found identical intensity vs time curves for EE

and PIE when the two were normalized at a single point. This result led us to

ask if the two types of particles, electrons and positive ions, were possibly

coincident in time on a faster time scale. Use of two detectors, as shown in

Fig. 9, and associated pulse circuitry (e.g. coincidence circuits) showed that

° 1-I
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on time scales of sub-microseconds there was a high degree of real coincidence

between EE and PIE. A time correlation could also be found by use of

time-interval circuits to measure the time between the detection of an electron

and the next positive ion. The resulting Time-Delay Spectrum is shown in Fig.

10 for two different voltages applied to the front cone of the PIE detector.

The first peak (0-0.5 ps) is due to positive ions that are in near coincidence

with an electron. The width and shift of this peak is due to the finite

time-of-flight (TOF) of the ion relative to the negligible TOF of the electron.

The peak at 1.5 ps which does not shift with PIE accelerating potential has

been assigned to a neutral molecule in an excited state (e.g. a metastable

state), perhaps a re-neutralized ion. Thus it appears that a good fraction of

the EE and PIE are sharing a common mechanistic step.

PIE Masses: The coincidence between the EE and PIE can be exploited to

measure the mass-to-charge ratio of the PIE using a TOF method. Fig. 9 is a

schematic diagram of the TOF arrangement with a drift tube of 25 cm in length.

By using the electron pulse as a start, the flight time of the positive ion can

be measured easily. A TOF spectrum of the PIE from BR filled with glass beads

for a drift tube potential of -2 kV is seen in Fig. 11. Four major peaks are

observed where positions in time can be shifted with changes in the voltage, V,

applied to the drift tube. Analysis of the positions for these four peaks led

to the M/q values given in Table II. Also shown are structures of likely

fragments from BR which could give such M (assuming q=e). It appears that PIE

may include fragments produced from the polymer during fracture.

Cross-link Density: Increasing cross-link density in an elastomer might

be expected to cause an increase in particle emission because of the higher

density of broken bonds. We have compared the EE and PIE for three different

.cross-link densities in unfilled polybutadiene, produced by varying the
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concentration of diucumyl peroxide (0.025,0.05, and 0.075% by weight). The

peak emission (highest count rate reached during fracture) and the total

emission acquired (in a 400 second time interval) for both EE and PIE are shown

in Fig.12 on a log scale plotted against 1/M., where Mc is the number

average molecular weight between cross-links of the BR. The increases in

emission are readily seen over this fairly small change in cross-link density.

This suggests that the expected increase in bond scissions causes an increase

in FE intensity.

To rule out the role of curing agent residues we induced cross-linking in

BR by exposure to Y and UV-radiation. Samples of Diene 35 NFA (Firestone Tire

and Rubber Co.) were pressed at 100 0C for 1 minute to create thin sheets of

weakly cross linked BR. Some of these samples were then exposed to radiation.

Thelf-radiation was a calibrated 3000 Curie 60Co source, and exposures were

0
for 24 hours. The UV source was a laboratory Hg lamp rich in 2500 A UV light.

UV intensities were not measured but exposures were carried out at a constant

distance (20 cm) for 24 hours. The cross-link densities of these materials

were not measured but the exposed samples were considerably stronger,

indicating an increased number of linkages. In Fig. 13 we see the resulting EE

curves for the unexposed BR as well as the exposed samples showing the dramatic

differences in intensity induced by radiation.

IV. DISCUSSION AND CONCLUSIONS

We have tried to show a variety of EE and PIE results on a number of

systems involving fracture of filled and unfilled elastomers and consider some

of the parameters that are influencing this emission. The need for careful

studies of the physics and chemistry of these phenomena is obvious. The

it
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usefulness of FE as a tool for investigation of failure inechanisms and fracture

phenomena in elastomers requires a broad-based attack combining fracture

mechanics, materials science, and fundamental fracto-emission studies on

well-characterized elastomers. Since the field is relatively unexplored, we

will conclude by speculating on some potential areas of usefulness of FE, many

of which depend critically on further understanding of FE itself.

POTENTIAL APPLICATIONS OF FE

1. A probe of crack growth on an extremely wide range of time scales.

This crack growth need not be catastrophic fracture and might involve crazing,

micro-cracking, linking of microcracks, and other pro-failure events.

2. A probe of the departure of the fracture surface from equilibrium. As

the surface charge and defects/free radicals decay away, FE may well be a

measure of the initial concentrations and the rate of surface reactions such as

free radical recombination.

3. The energies of the FE components may serve as a measure of the

density of the charge distributions created on the fracture surface.

4. FE may serve as a way to measure the surface temperature at the crack

tip by careful modeling of the emission curves at short times after fracture.

Our modeling to date has required an elevated temperature of fracture that

decays quickly away.

5. FE may serve as a means of measuring instantaneous crack velocity.

6. FE may serve as a probe of the locus of fracture In composite

materials e.g. filled elastomers, and help in illuminating failt-e mechanisms.

The roles of contact charging and chemical bonding in 1--si, may be

determined by FE studies.
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7. FE may serve as an N DT tool, perhaps in conjuction wii acoustic

emission. FE would be particularly useful when sensitivity to events near the

surface is desired.

8. FE may be related in important ways to fracture mechanics parameters

such as surface ener~y, fracture strength, or fracture toughness. If reliable

connections could be made to such parameters, FE might be used to measure them.
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TABLE I .--Survey of Materials Investigated for EE and PIE

ELECTRONS

Materials Approx. Decay Times Electrons Detected/ cm-
Mateialsof Fracto-Emission

INORGANIC

Sapphire <1 s, minutes 103

Alumina <I s, minutes 104

A. 0 Anodized Layer .1 - 20 psec 105

BN2 3 <1 s,minutes 106
Quartz <1 s, minutes 106

LiF <1 s 104

Mica (Muscovite) <i s, minutes 106

NaCI <1 0 105

MgO <1 5 105

Fused Silica Several ms 10

Soda Lime Glass Several ms 103

PZT <1 s 106

Graphite <1 S 10

ORGANIC CRYSTALS

RMX <I s 104

PETN <10 ms 104

Sucrose Minutes 106

FIBERS

Kevlar 45 Us i08

Graphite 10 us i08

E-Glass 10 us i08

S-Glass 10 us 108

SiC <10 us 108

Al203  <1 ms 108

PLASTICS

Epoxy (DER 332) 25 us 103

Polymide <1 a 10

PMMA <50 us 10 2

Lucite <2 me 102

PET Fibers <1 s 105

Polystyrene 500 us, 12.3 us 103

Polyethylene <1 s 04

PVF2 <1 ms 103
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TABLE I (continued)

POSITIVE IONS

Material Approx. Decay Times 
Ions Detected/ cm

2

of Fracto-Emission

INORGANIC

Mica (Muscovite) 1 s, minutes 106

FIBERS

Kevlar 49 45 Ila 10 8

Carbon 10 Us 108

E-Glass 10 1s 10

S-Glass 11 US 108

PLASTICS

Epoxy (DER 332) 25 Us 10 3

Polyurethane I0 6

Lucite -2 msec i02

Polystyrene 35 us 10 4

Nylon 66 1i s 104

ELASTOMERS

Buna N <1 s, minutes lO3

Natural Rubber <1 s 10 4

Natural Rubber (abraded) Minutes 10 3
Silicone Rubber <1 s, minutes 10
Solichane <.1 s 1065
Vinyl Rubber-filled <1 a, minutes 10.5
Polybutadiene <.04 s, minutes 106
Polybutadiene-filled <.2 s, minutes 10 6
SBR-filled <1 s10
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TABLE I (continued)

Materials Approx. Decay Times Electrons Detected/cm
2

of Fracto-Emission

ELASTOMERS

Neoprene <1 s 102

Viton <1 a 102

Buna N <is 10 3
Natural Rubber <1 s 1.3
Natural Rubber (abraded) Minutes 10.5
Silicone Rubber <1 s, minutes 104
Solithane <.2 s 10 4
Vinyl Rubber-filled <1 a, minutes 103
Polybutadiene 0.04 a, minutes 10 7
Polybutadiene-filled <1 a, minutes 10.4
Nylon-66 <1 s 104

Isoprene <1 s 106
Amber Rubber <1 s 10.5
BAMO <1 s 104

FIBER-EPOXY COMPOSITE

Graphite <1 ma 105_

AI 03  <1 s 10' .

Keglar <1 s 106
E-Glass <1 s 106

.... ... .... ..
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TABLE II .- Ions from Polybutadiene

Peak M emu Possible Fragments
qe

R HI I
A 85 ± 6 B (81)

H

I

B 123 ±6 B-B---C (122)

C 170 6 BB-8--C (176)

H

D 230 6 B B (230)
H
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Figure Captions

1. Schematic diagram of experimental arrangement for fracto-emission
investigations.

2. EE from the fracture of isoprene(IR).

3. EE and PIE from the fracture of polybutadiene with and without glass
beads.

4. Total emission (counts accumulated over 200 s) as a function of the
percent of glass beads (30-95 pm in diameter) in polybutadiene.

5. Total emission (counts accumulated over 200 s) as a function of the
percent of glass beads (250-500 pm in diameter) in polybutadiene.

6. EE vs crack velocity on a linear scale for the first part of the velocity
scale. The data shown for SI are from two samples.

7. EE vs crack velocity on a linear scale for the complete range of low and
high velocities.

8. PIE from the peeling of polybutadiene from a soda-lime plate glass
surface.

9. Schematic illustration of the experimental apparatus for a) time
correlations and b) time-of-flight (TOF) measurements. The distances are
d1=1 cm,d2 =25 cm.

10. Time-delay spectrum of the particles detected at the CEM-PIE relative to
the electrons detected at the CEM-EE. The two curves are for two different
voltages applied to the front cone of the CEM-PIE. The peak at 1.5 Ps did not
shift with this voltage, implying an exited neutral molecule.

11. A typical TOF distribution for PIE from polybutadiene filled with glass
beads. The drift tube was at -2 kV. Four major peaks labeled A, B, C, and D
are observed.

12. The peak and total EE and PIE from polybutadiene for three different
cross-link densities. The letters A, B, and C represent samples cross-linked
with 0.025, 0.05, and 0.075% by weight dicumyl peroxide.

13. The effect of cross-linking with radiation on EE from polybutadiene. The
very small emission was from a weakly cross-linked sample of Diene 35 NFA; the
high emission is from the same material exposed to Y and UV radiation.
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EE VS CRACK VELOCITY
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EE VS CRACK VELOCITY
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VIII. WORK IN PROGRESS

The following is a summary of some of our work in progress and our

intentions for future research:

1. BAMO/THF: We have measured the EE and NE from a copolymer of

3,3-bis (azidomethyl) oxetane (BAMO) and tetrahydrofuran (THF). This

material was provided by Y. Gupta, Washington State University. Both

components of FE had a strong strain-rate dependence, showing increasing

emission with increasing strain rates over a range of elongation rates

extending from 0.05 cm/s to 200 cm/s. The EE from a piece of BAMO/THF

with a cross-section of 2 mm x 5 mm, elongated at approximately 100 cm/s,

is shown In Fig. 1. The after-emission (following separation) observed

here is entirely missing from samples which are fractured slowly; at this

point we do not know why.

The fracture-induced NE mass peaks from BAMO/THF that we have

examined so far with a quadrupole mass spectrometer are: 28 (N 2), 15

(CH3 ), 18 (H20), and 19 (F?). Other than mass 19, the peak

assignments are those of Farber. In Fig. 2 we show the changes in total

pressure and mass 28 peaks accompanying fracture of BAMO/THF for two

different elongation rates. The mass spectrometer and recorder

sensitivities are identical for the two rates. As can be seen, there is a

substantial increase in both total pressure and N2 released during

fracture.

Prior to fracture we have heated the BAMO/THF to 100OC for two hours

to outgas the material (considerable gas including N2 was released).

Subsequent fracture still yielded the same bursts.
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Although not conclusive, these results do support the hypothesis that

the N2 observed is due at least in part to fracture-induced

decomposition. Further studies to prove or disprove this idea are in

progress.

2. Inorganic Crystals: Our initial work on fracture of inorganic

crystals has been done on LIF, MgO, and MgF2 . The purpose of these

studies is to probe possible mechanisms of hot spot production in

explosive crystals, using model inert materials. K. C. Yoo, University of

Maryland, has provided crystals of these materials with known

crystallographic orientations. We have fractured the materials in a

three-point flexure mode. The emission curves shown in Figs. 3a and b are

the EE count rates vs. time, taken simultaneously on two different time

scales, from the fracture of MgO. The crystal was strained in such a

manner that the fracture surface would tend to be a (100) surface.

The emission appears to be of average intensity for pure,

crystalline, inorganic materials, e.g. alkali halides. The observed rapid

decay suggests a relatively low activation energy for the emission

rate-limiting step

In MgF2 we have observed a striking difference in the emission

intensities for two different crystal orientations. In light of the model

presented in section III, this difference may be related to differences in

charge separation and/or gases desorbed into the crack tip changing the

intensity of the gas discharge occurring during fracture. Incidentally,

we have observed evidence of this discharge occurring during the fracture

of MgO (e.g. RE and phE during fracture).

A number of experiments on these crystalline materials are planned in

4
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order to ,ain further uriderstandinG of the role of defects, dislocation

motion, and crack velocity in the energetics of creating fracture surfaces

in crystalline materials.

3. Filled and Unfilled Polyurethane: Gene Martin from MIC, China

Lake, has sent us small pieces of polyurethane made from R45M

(ARCO-produced hydroxyl-terminated polybutadiene) containing 1%

antioxidant, and cured with IPDI (3-isocyanate-methyl-3,5,5-

trirnethylcyclohexyl-isocyanate).

We have also received polyurethane filled with glass beads, both

treated and untreated, and will begin to study these samples soon. The

unfilled material is quite soft and sticky at room temperature; if pressed

against a solid surface, such as a metal, it adheres quite strongly.

When the unfilled polyurethane (2 mm x 5mm notched samples) is

fractured in tension in a vacuum, only a small amount of electron emission

is observed (see Fig. 4). However, the polyurethane would occasionally

slip during elongation in the metal clamps, and this resulted in much more

intense emission. Suspecting that the increased emission might be due to

contact charging at the polymer/metal interface, we investigated the

emission which occurs when a sample of polyurethane was pressed against

metal or glass and then peeled from the surface. The resulting electron

and photon emission curves are shown in Figs. 5a and 5b (metal), and Figs.

6a and 6b (glass). The amount of electron emission is considerably higher

than in the case of cohesive failure and has a long decay time (typically

hundreds of seconds). The intensity is also dependent on the time of

contact prior to separating the surfaces, increasing with longer contact

times.

4
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Accompanying the peak electron emission, just as the sample is being

pulled off the surface, we see a burst of photons whose characteristics

are consistent with an electrical breakdown at the interface. We are

continuing these polymer-surface interface studies, and will next look at

filled polyurethane to see whether the emission produced by this material

during fracture is consistent with our observations on interfacial

failure.

4. Interfacial Failure Between Polybutadiene and Glass: In the case

of polybutadiene (BR) filled with small glass beads, we saw a strong

dependence of emission intensity (both during and after fracture) on the

presence and concentration of the filler particles. The EE and PIE curves

for filled and unfilled BR are shown in Fig. 7, where the concentration of

glass beads for the filled material is 34% by volume. A number of

supporting experiments have shown that the likely cause of the observed

increase in both peak and after-emission is the interfacial failure

between the polymer and glass surfaces. This leads to intense charge

separation, with subsequent particle bombardment of the fracture surfaces

as discussed in Section III.

We have recently performed peel tests between macroscopic surfaces of

BR (samples provided by Alan Gent, University of Akron) and soda-lime

plate glass. The EE and PIE observed (taken separately) during and after

peeling of 1 cm2 of BR from the glass are shown in Fig. 8. The total

6EE and PIE for a 400 second time interval are 12.4 x 10 and 8.5 x

10 6 , respectively. The strong, long-lasting emission observed from

this interfacial (or adhesive) failure supports the hypothesis that this

type of failure is responsible for the intense emission from filled
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Figure Captions

Fig. 1. Electron emission accompanying fracture of BAHO/THF at
a high strain rate.

Fig. 2. Neutral emission (mass 28 and total pressure) accompanying
fracture of BAMO/THF.

Fig. 3. Electron emission on two different time scales from the
fracture of single-crystal MgO.

Fig. 4. EE from the fracture of unfilled polyurethane.

Fig. 5. (a) Electron and (b) photon emission during and following the
separation of polyurethane from a stainless steel substrate.

Fig. 6. (a) Electron and (b) photon emission during and following the
separation of polyurethane from a glass substrate.

Fig. 7. EE and PIE from the fracture of filled and unfilled polybutadiene.

Fig. 8. Electron and positive ion emission during and following the
separation of BR from a glass substrate.
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NEUTRAL EMISSION FROM BAMO
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EE FROM SINGLE-CRYSTAL MgO
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Electron Emission From the Fracture

of Unfilled Polyurethane
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Fracto-Emission From the Separation of Polyurethane
From a Stainless Steel Surface
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Fracto-Emission From the Separation of Polyurethane
From a Glass Surface
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EE AND PIE FROM BR WITH AND
WITHOUT GLASS BEADS
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IX. CONCLUSIONS

In this year we have made considerable progress in our understanding

of the emission of electrons positive ions, and photons during and

following fracture polymers, inorganic crystals, and organic crystals.

The concepts of charge separation, gas desorption, a gaseous discharge,

and particle bombardment of the fracture surfaces followed by subsequent

relaxation processes provide the foundation for making predictions and

suggest routes to quantitative models and numerous additional experiments.

In addition we have shown that material properties, e.g. cross-link

density in an elastomer, can influence FE greatly. Also, we have shown

that an energetic binder, BAMO/THF, emits copious amounts of N2 during

fracture and may be undergoing decomposition along the fracture path.

Finally, the FE from the molecular crystals sucrose and RDX suggests that

the charged particle emission may involve a gaseous discharge during

fracture, which means that the surfaces are charging and are being

bombarded with discharge products, i.e. electrons, ions, and reactive

neutrals.
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